Winter flooding of harvested rice fields attracts migratory waterfowl and may assist in degrading rice straw residue. Field studies were conducted between 2003 and 2005 in Stoneville, MS to evaluate the impacts of winter flooding of harvested rice fields on rice straw degradation, winter weeds, soybean yield, and soil biochemical and chemical properties. The experimental area each year consisted of a harvested rice field that remained no-till after harvest and that was dissected into 7.6-by 15-m bays with constructed levees to accommodate winter flooding treatments. Flooding treatments (10-cm depth) consisted of: 1) flooded from mid-October to early March; 2) flooded mid-October to early January; 3) flooded mid-December to early March; 4) flooded mid-December to mid-January; and 5) no flood. Winter weeds were counted, biomass determined as well as residual rice straw before flooding and in early April of each year. Winter flooding reduced rice straw biomass 32% to 60% compared to 21% to 31% reduction for no winter flood with the longest flood duration resulting in the greatest loss of carbon and nitrogen from straw residues in both years. Winter flooding treatments reduced weed populations and weed biomass from 43% to 99% when compared to no flooding treatment. Soybean yields ranged from 3295 kg·ha −1 with the longest winter flooding regime to 4295 kg·ha −1 with no flooding. Significant reductions in soil nitrate levels were most consistent in the upper 0 to 2.5-cm surface soil. Soil enzymatic activity (dehydrogenase and fluorescein diacetate hydrolysis) was increased by flooding in 2003, while minimal effects were found in the second year consistent with more anaerobic conditions attained in 2003 compared to 2004. Environmental benefits of accelerated straw decomposition and weed control is achieved by winter flooding; however, there are negative consequences of nitrogen losses and reduced soybean yield.
Introduction
Rice (Oryza sativa L.) and soybean [Glycine max (L.) Merr.] are commonly grown in rotation with one another in the lower Mississippi River Alluvial Flood Plain of Arkansas (AR), Louisiana (LA), and Mississippi (MS), USA (United States of America). Approximately 1.3, 0.5, and 0.9 million hectares of soybean and 0.5, 0.2, and 0.05 million hectares of rice, respectively, are grown annually in AR, LA, and MS (USDA, 2005) . Rice and soybean are commonly grown in rotation because of both crops' adaptability to the clay soils of the midsouthern USA region. Grain yields and net returns for both crops are also increased when rice and soybean are grown in rotation [1] .
Burning of rice straw following harvest has been widely used to facilitate planting the following crop and reduce disease potential. An alternative production practice in the midsouthern USA is to flood harvested rice fields in the late fall or early winter months (October to December) to provide wetland habitat for migratory waterfowl [2] and to enhance rice straw degradation so that the following soybean crop can be planted into minimal rice straw residue. Soybean emergence and plant fresh weight can be reduced by rice straw residues [4] . Winter flooding of harvested rice fields also reduces emergence and populations of winter weed species that, if present, necessitate chemical or mechanical control before spring planting of soybean [5, 6] .
Concern for possible soybean yield reduction when grown in rotation with rice following a winter flood event has been noted by Mississippi State University extension personnel and soybean growers in the MS region of the lower Mississippi River Alluvial Flood Plain. These observations have been made visually, but no literature exists on whether a prolonged flood event following harvest of rice adversely effects yield of the following soybean crop. Other concerns for winter flooding are the potential for nutrient loss, especially accelerated nitrogen loss by denitrification and evolution of greenhouse gases, e.g., nitrous oxide and methane.
The Early Soybean Production System (ESPS) has been widely adopted by soybean growers in the midsouthern USA [7, 8] . The ESPS consists of planting maturity group III, IV, or V cultivars in the months of March to early May. Planting early maturing cultivars during this time allows soybean plants to go through the reproductive growth stages, period of maximum water usage, prior to the typical summer drought period of the midsouth USA which generally extends from mid-July through mid-September [8, 9] . The ESPS is compatible with a rice and soybean rotation system [10] , however the impacts of winter flooding after rice harvest on winter weeds, yield of the soybean crop grown in rotation with rice, and soil microbial activity and community structure within the ESPS has not been investigated. Thus the objectives of this research were to determine the impacts of winter flooding after rice harvest on weeds, rice straw, soybean yield, and soil microbial activity and processes in the ESPS. ) herbicide at 70 g ae·ha −1 was applied sequentially over-the-top of 2-leaf and 5-leaf rice to control weeds each year. The herbicide was applied using a carbon-dioxide-pressurized backpack sprayer calibrated to deliver 140 liter·ha −1 at 193 kPa. A nonionic surfactant at 0.25% v/v was added to imazethapyr. Nitrogen (N) fertilizer in the form of 34% ammonium nitrate was broadcast applied at 168 kg N ha -1 at the five-leaf growth stage. Immediately after N application each year, a levee was constructed around the perimeter of the 0.4 ha experiment and a permanent 10-cm-deep flood was established. The flood was removed from the experiment two weeks prior to rice harvest. At maturity rice grain was harvested with a small plot combine.
Materials and Methods

Study Site and Crop Management Practices
Levees were constructed after rice harvest each year so that five different winter flooding regimes could be evaluated in a randomized complete block design. Flooding treatments consisted of: 1) flood mid-October thru mid-March; 2) flood mid-October thru mid-January; 3) flood mid-December thru mid-March; 4) flood mid-December thru mid-January; and 5) no flood. A sixth treatment consisting of no flood in the absence of rice straw residue (no flood/no rice straw) was included in an adjacent field area where rice was not grown. Floods were 10 cm deep and maintained throughout designated period by refilling bays with pumped groundwater as needed. Treatments were repeated four times in 4.5-by 7.62-m plots.
Weed and Rice Straw Assessments
Winter weeds were counted in one 1-m 2 quadrat per plot just prior to initiation of flooding in mid-October or mid-December and again in early April 2004 and 2005. Additional weed counts were collected bi-weekly from mid-October thru mid-April in no flood and no flood/no rice straw plots by counting individual weed species from one permanent 1-m 2 quadrat per plot. Individual weeds were removed by hand immediately after counting in permanent quadrat areas. Additional weed counts were collected to determine when winter weeds emerged under no flooded conditions and the effect of rice straw on weed emergence. Weeds were counted by species, but counts were summed to comprise a total winter weed count each time weeds were counted from each quadrat. Total weed biomass was harvested by clipping all weeds at ground level from one 1-mplot areas where no weed counts had previously been collected and was oven-dried at 30˚C and weighed. Aboveground rice straw biomass was clipped at ground level from one 1-m 2 quadrat per plot in early-October and again from a different plot area in early-April. Rice straw biomass was oven-dried at 35˚C and weighed.
Soil and Straw Analysis
Soils samples were collected from the same 1-m 2 quadrat that was used for rice straw biomass determination in October and April. From each plot, eight cores (15 cm deep) were removed with a 5-cm diameter probe. Cores were dissected into three portions so that analyses could be conducted on the 0-to 2.5-cm, 2.5-to 5-cm, and 5-to 15-cm soil depth segments. Soil for each segment was passed through a 2-mm sieve and refrigerated at 5˚C until analyzed for enzymatic activity. Two enzyme assays were conducted as indicators of microbial activity. Fluorecein diacetate hydrolytic enzyme activity [11, 12] and triphenyltetrazolim chloride (TTC) dehydogenase enzyme activity were measured using yeast extract as a carbon substrate [13] . Assays were modified using acetone as extractant as described by Weaver et al. [14] for wetland soils.
Following enzymatic analysis, soil was air dried, and the soil was milled twice through a 2-mm sieve in a Wiley Mill. Soil was ground in a mortar and pestle and weighed prior to carbon and nitrogen analysis. Total carbon and nitrogen content of soil and straw were determined using a Flash EA 112 elemental analyzer (C.E. Elantec, Lakewood, NJ) with all samples analyzed in triplicate as described elsewhere [15] . Soils (10 g) were extracted with 20 mL of distilled water, centrifuged (10 min, 8000 g) and the supernatant filtered. The water extractable anions (nitrate, sulfate and phosphate) were determined using an ICS 2000 Dionex ion chromatography Dionex Corp., Sunnyvale, CA) as described elsewhere [15] . Separation of anions was performed using an IonPac AS18 hydroxide selective anion exchange column, and data analyzed using Chromeleon software (Dionex Corp., Sunnyvale, CA).
Soybean Management and Yield
The glyphosate-resistant (GR) soybean cultivar "Pioneer 94B73" was planted on April 14, 2004 and the GR cultivar "Dekalb 46-51" was planted on April 19, 2005 in all plots except the no flood/no rice straw plots. Soybean was planted 2.5-cm deep in eight 45-cm-wide rows over the entire plot length. Soybean was planted at 16 seed·m
row using a John Deere vacuum planter configured so that four planter units would plant between the tractor tires (spaced 203 cm apart) and two planter units would plant on the outside of each tire. The space between planter units to accommodate for tractor tires was 70 cm. Emerged soybean plants were counted four weeks after planting in two 1-m lengths from each of the four center rows per plot. Glyphosate was applied at 860 g ae·ha
two weeks prior to planting soybean and three times throughout the soybean growing season each year to control weeds. Pyraclostrobin and Lamda-cyhalothrin were applied at 110 and 36 g ai·ha −1 , respectively, to soybean in the R3 reproductive growth stage [16] to manage foliar diseases and insects. Pesticides were applied using a carbon-dioxide-pressurized backpack sprayer calibrated to deliver 140 liter·ha −1 at 193 kPa. Soybean was furrow-irrigated in the tire wheel tracks of each plot as needed. The middle four soybean rows of each plot were harvested at maturity with a small plot combine and soybean yields were adjusted to 13% moisture.
Statistical Methods
Data were tested for homogeneity of variance by plotting residuals. An arcsine square root transformation was performed before analysis but did not improve variance homogeneity. Thus, non-transformed data were used in analysis and presentation. Data were subjected to Analysis of Variance using the general linear model procedure in SAS [17] . Means were separated using Fisher's protected LSD test at P < 0.05. Data were averaged across years (as main effect means) when interactions were not significant and are presented for interactions where appropriate.
Results and Discussion
Weed Populations and Biomass
Population and biomass data were averaged across years due to no interactions or effect involving year. Rice straw residue reduced emergence of winter weeds when compared to emergence in the absence of rice straw residue (Figure 1) . Winter weeds emerged as early as October and as late as March in both years. Peak emergence of winter weeds was between October and December in both years. There were no differences in weed emergence patterns across years even though rainfall patterns were noticeably different. The cumulative 30 year average rainfall amount for the months of October thru March in Stoneville, MS is 63. weed species accounted for more than 98% of all weed populations and biomass in both years. Cumulative weed populations were decreased by winter flooding compared to no flooding in both years. Weed biomass was reduced by greater than 66% in all flooding regimens and by greater than 96% for treatments initiated in October ( Table 1) . No winter weeds were present in April 2004 when flooding was imposed in October prior to emergence of any weeds. However, when initiation of winter flooding was delayed until December after weed emer gence, weeds were still present in April. Thus, winter flooding did not kill weeds that emerged prior to flooding, but did prohibit weeds from emerging when flooding was initiated prior to flooding. Flooding prior to weed emergence can result in weed-free conditions and a clean seed-bed for planting the following crop. Winter weeds emerged in October of 2004 after establishment of mid-October flood ( Table 1) Winter weed biomass was significantly lower regardless of flood treatment when compared to no flood in both years, with no difference across years ( Table 1) .
Previous research has shown that anaerobic conditions as a result of flooded soil can reduce biomass and overall plant health [18] . Anoxia as a result of flooded soil conditions can also reduce germination and emergence of monocot and dicot species [19, 20] . Research has found that the inhibition of α-amylase synthesis under anaerobic conditions can prohibit seed germination [19] . Reduction in plant biomass under anaerobic flooded conditions starves shoot and root tissue of oxygen, resulting in cessation of aerobic respiration, dropping levels of energy-rich adenylates, and decline in ion uptake and transport [20] .
Effects of Flooding on Rice Straw
Data are presented by year due to significant year effect on straw degradation. An average of 6550 kg·ha −1 of rice straw residue was present in early October of each year prior to flood initiation. Flooding reduced levels of residual rice straw biomass when compared to plots not flooding ( Table 2) a Percent reduction of rice straw based on aboveground rice straw present in early October prior to mid-October flooding as compared to amount present in early April two weeks after removal of mid-March flood. b Percent reduction of total nitrogen present in rice straw based on aboveground rice straw present in early October prior to mid-October flooding as compared to amount present in early April two weeks after removal of mid-March flood. c Percent reduction of total carbon content of rice straw based on aboveground rice straw present in early October prior to mid-October flooding as compared to amount present in early April two weeks after removal of mid-March flood. Amounts of rice straw residue in these experiments were similar to those previously reported in the literature [22] .
The greatest loss in nitrogen and carbon content of rice straw was under the longest flood duration ( Table 2 ). In the 2003 to 2004 experiment, three of the four flooding regimes resulted in loss of nitrogen in straw compared to no flood treatment, and all four flooding regimes resulted in significant carbon loss. In the 2004 to 2005 experiment, only the longest duration of flooding resulted in nitrogen or carbon loss from straw residues compared to none flood treatment. Less reduction of rice straw residue in the second experiment was attributed to the difficulty in maintaining a consistent flood, as discussed previously.
Effects of Flooding on Soil Enzyme Activity and Chemical Properties
Soil enzymatic activity was differentially affected by flooding with respect to year ( Table 3) , thus data are presented by year. In 2004, the longest flooding regime increased FDA hydrolytic activity compared to the nonflooded control in all three soil depths, and TTC-dehydrogenase activity was greater in the two lowest soil depths when compared to non-flooded soil. In the 2004 to 2005 experiment, three flooding regimes decreased FDA hydrolytic activity in the surface 0 to 2.5 cm of soil, while flooding had no effect on hydrolytic activity in the lower depths. In contrast, dehydrogenase activity was The elevated microbial activity was associated with a microbial community structure that shifted to a reduced fungal and increased fermentative bacterial composition under anaerobic, flooded conditions. FDA activity is associated with microbial biomass. The activity of FDA is subsequently regulated by the abundance of soil microorganisms and substrate to support their activity. Accelerated degradation of rice residues should provide additional labile soil carbon at the soil surface to support increased soil enzyme activity as was observed in the spring of 2004.
Data for soil chemical properties are presented by year due to significant year effect and interactions. There was no significant effect of flooding on total carbon and nitrogen content of soil following flooding, as some difference in these two parameters were observed before flooding (data not shown). In both years, the lowest levels of soil nitrate in the surface 0 to 2.5 cm were in the earliest flood regimes ( Table 4 [24] and is used as an indicator of soil fertility in landscape mapping [25] . ). Reduction in yield was not due to soybean stand establishment, as the plant population (304,800 plants·ha −1 ) was consistent across all plots each year.
Decreased soybean yields may be attributed to flooded soil syndrome (FSS). The term FSS was coined after growers and extension personnel in the Midwestern USA discovered P-deficiencies on corn and soybean after the floods of 1993. The plant symptoms were very similar to that of corn and soybean grown after soils were fallow [26, 27] . Phosphorus deficiencies severely inhibited corn yields and, to a lesser extent, affected soybean yields. Soil test P levels ironically were equal to or higher in those soils that had been inundated with water compared to soils that were not. Shahandeh et al. [28] showed that because of the flooding and drying cycles common in rice production, current soil tests methods do not accurately predict plant available P. It has been shown that amorphous Fe compounds sorb P greater than crystalline forms of Fe. Furthermore, the solubility of amorphous Fe-P compounds is less than crystalline compounds, especially in aerobic soil conditions. Nutrient uptake data were collected during the 2005 growing season and Puptake was 27% greater for the no-flood treatment compared to when the field was saturated from October through March.
Vesicular-arbuscular mychorrizae (VAM) colonization has been proven to improve plant uptake of P and other nutrients [29] . Ellis [27] , Wetterauer and Killorn [26] , and Lohry and Fixen [30] have documented that the reduction in colonization of VAM after fallow or flooding events have contributed to P deficiencies in corn and soybean.
A second factor that may also have affected soybean yield is nitrogen loss from extended flooding. Both lower soil nitrate in the surface soil and greater loss of nitrogen from rice straw indicates less initially available soil nitrogen at time of planting. The use of starter nitrogen has been suggested as a method to enhance growth and yield of late planted/double crop soybean in the gulf coast region of southeastern USA [31] . The response of soybean to starter or supplemental nitrogen varies depending on location, genotype, and soil. Studies by Gan et al. [32] in China indicated that application of 50 kg N·ha −1 at V2 stage of development increased yield of three soybean genotypes compared to no N fertilizer addition.
The potential effects of fermentative degradation of rice straw and below ground residues may also be considered as a source for potential alleopathic compounds that may affect soybean development. Acetic, propionic and butyric acid may be generated from anaerobic decom- position of plant residues [33, 34] . Other phenolic compounds (caffeic, vanillic, syringic and p-coumaric acids) are also associated as allelochemicals produced from rice [35] . It has been suggested by Pathak et al. [36] that incorporation of rice straw and addition of appropriate fertilization can improve subsequent wheat yield and improve soil fertility. This practice would obviate the need for burning of rice straw but enhance the potential for denitrification and N 2 O emissions. The trend to adopt no-till crop production is being sought in the US, thus practices to enhance rice straw degradation without tillage or burning such as winter flooding is highly desirable for a rice soybean rotation. Overall, flooding reduced winter weed presence at time of soybean planting. The necessity for a preplant herbicide application to control existing weed vegetation would not be needed if no weeds were present at time of crop planting, thus potentially reducing costs and increasing profit margins. Winter flooding also aided in reducing rice straw residue that is capable of reducing soil temperatures and possibly delaying planting soybean into a stale seedbed of rice straw residue. The most significant impact of winter flooding was its negative impact on yield of the following soybean crop. Loss of nutrients, especially nitrogen is another possible concern, and a more critical assessment of the effects of flooding on nitrogen is warranted. Based on the soil enzyme assays, longterm flooding had significant effects on indices of soil microbial activity, although contrasting effects were observed comparing the two years. The practice of winter flooding should be reconsidered when planting soybean the next spring, as reduced crop yields can significantly reduce gross and net economic returns. Reducing the duration of flooding from mid-December to mid-March will have a less detrimental effect on soybean yield while still providing a suitable habitat for migratory waterfowl and provide a significant amount of weed control. Further research is underway to determine the specific impacts of winter flooding on soil microbes necessary for soybean nodulation and nitrogen fixation, soil nutrient availability to soybean plants, and the effect these factors have on soybean plant growth and development and subsequent soybean yield.
